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We present a method for recovery of narrow homogeneous spectral features out of broad inhomogeneous overlapped
profile based on second-derivative processing of the absorption spectra of alkali metal atomic vapor nanocells. The
method is shown to preserve the frequency positions and amplitudes of spectral transitions, thus being applicable for
quantitative spectroscopy. The proposed technique was successfully applied and tested for: measurements of hyperfine
splitting and atomic transition probabilities; development of an atomic frequency reference; determination of isotopic
abundance; study of atom–surface interaction; and determination of magnetic field-induced modification of atomic
transitions frequency and probability. The obtained experimental results are fully consistent with theoretical modeling.
Optical cells containing atomic vapor of alkali metals are
widely used in atomic physics, laser spectroscopy, and emerg-
ing applications, including chip-scale atomic clocks and opti-
cal magnetometry1, slowing the light speed and formation of
narrow optical resonances2, ultra-narrow optical filters3, etc.
For many processes, such as resonant atom-light interaction
in the presence of magnetic or electric fields and collisional
broadening of spectral lines, frequency resolution of individ-
ual optical transitions between the hyperfine sublevels, which
can be separated from each other by down to 20 - 50 MHz, is
important. Meanwhile inhomogeneous Doppler broadening in
alkali vapor cells reaches 400 - 1500 MHz4. Sub-Doppler res-
olution with a simple single-beam geometry, providing a lin-
ear response of atomic media for transmission, fluorescence,
and selective reflection experiments can be attained using op-
tical vapor nanocells with a thickness of the order of resonant
wavelength5. But even in this case some spectral features can
be smeared by a residual Doppler-overlapped profile6.
We propose a simple data processing technique, which al-
lows retrieval of homogeneous lineshape of individual optical
transitions in absorption spectra, which are initially masked
by overlapped inhomogeneous spectral profile. The technique
is efficient for the spectra of an atomic vapor nanocell (NC)
with a vapor column thickness equal to half of the wavelength
of the resonant laser radiation7–9. The following procedure
is employed. After recording the absorption spectrum with
scanning the laser radiation frequency across the resonant re-
gion, the second order derivative A′′(ω) is determined from
the raw absorption spectrum A(ω). As a result, the transi-
tion linewidth in the second derivative (SD) spectrum reduces
down to∼ 15 MHz (∼ 50-fold narrower as compared with the
Doppler broadening). This allows to separate and study indi-
vidual atomic transitions. Here we demonstrate that the SD
treatment of the recorded signal preserves not only frequency
positions of spectral features but, importantly, also their am-
plitude values linked, in linear interaction regime, with transi-
tion probabilities. We present below some particular realiza-
tions of resonant optical processes where the SD technique is
a)Electronic mail: arevmiryan@gmail.com.
FIG. 1. Sketch of the experimental setup. ECDL-diode laser; FI -
Faraday isolator; 1 - λ/4 plate (optional); 2 - NC filled with Rb or
Cs or K in the oven; 3 - permanent magnets; 4 - photodetectors; M
- mirror; F - filter; SO - digital storage oscilloscope; G - Glan polar-
izer; Ref. - frequency reference unit. Inset: photograph of the NC
filled with Cs; the upper and lower ovals mark the thickness regions
50 - 90 nm and ∼ 426 nm in the case of Cs (L≈ λ/2), respectively.
employed, and prove its capability for quantitative measure-
ments.
The experimental setup is schematically sketched in Fig.1.
Tunable external-cavity diode lasers (ECDL) with spectral
linewidth < 1 MHz and wavelength λ = 780, 852, 767, and
770 nm were used for resonant excitation of atomic vapor on
D2 lines of Rb, Cs, K and D1 line of K, respectively. The
laser beam was directed normally to the windows of NC con-
taining atomic vapor with a thickness of atomic vapor column
L∼ λ/2. The details of NC design are presented elsewhere10.
The absorption spectra are recorded with the help of photo-
diodes, and a four-channel digital storage oscilloscope Tek-
tronix TDS2014B. Thanks to the use of NC, a uniform mag-
netic field variable in the range of B = 10 – 10000 G can be
applied to the vapor by strong permanent magnets mounted
on the translation stages11.
The first verification of the proposed technique was done
for the NC absorption spectra on Rb D2 line, for hyperfine
transitions Fg = 3→ Fe = 2,3,4 (hereafter we will use a sim-
plified notation 3 → 2′,3′,4′, see the right panel in Fig.2).
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2FIG. 2. a) Absorption spectrum of a rubidium NC with L ∼ 390
nm for 3→ 2′,3′,4′ hyperfine transitions of 85Rb D2 line. b) Second
derivative of the absorption spectrum. Red lines: experiment; black
lines: theory. Gray vertical lines indicate frequency positions of the
transitions. Right panel: energy levels diagram, showing the tran-
sitions, their frequency separations and relative probabilities. Here
and bellow the probabilities are normalized to the probability of the
strongest transition in the group.
These transitions are poorly resolved even in the NC absorp-
tion spectra, as is seen from Fig.2a, meanwhile they are com-
pletely resolved in the SD spectrum (Fig.2b) due to the small
(∼ 15 MHz FWHM) linewidth. Here and below, the mod-
eling of experimental spectra was done using the previously
developed theoretical model7–9 with the following key as-
sumptions: the vapor density N is low enough, so that the
effect of interatomic collisions can be is ignored, and only
atom–surface collisions are considered; the atoms experience
inelastic collisions with the NC walls. The effect of reflec-
tion of the laser radiation from both highly-parallel windows
of the NC, as well as Doppler-broadening effect are taken
into account. In the experiment, the temperature of the NC
reservoir was kept at 110 ◦C corresponding to vapor density
NRb ≈ 1.1×1013 cm−3, the laser radiation power was PL =
10 µW, sufficiently low to avoid saturation and optical pump-
ing effects. The extra broadening over the natural linewidth
γN/2pi = 6 MHz is caused by the atom-surface collisions.
As one can see from Fig.2b, the SD method allows re-
trieving the homogeneous absorption spectra from inhomoge-
neously (e.g. Doppler) broadened one, with the use of a single
low-power laser beam. Moreover, the SD method correctly
displays both the frequency positions of individual transitions
and their relative probabilities (the inaccuracy is 3-5%). It
is also important to note that precise value L = λ/2 for the
NC thickness is not crucial: narrow spectra are observed with
∆L = ± 50 nm tolerance, which makes utilization of the pro-
posed technique experimentally feasible.
Relatively narrow unshifted resonances obtained with SD
method allow implementation of the SD spectra for frequency
reference (FR) applications. A FR technique mostly used in
atomic physics experiments is based on saturated absorption
(SA) spectroscopy4. In this technique, the laser beam is split
into a weak probe field and a strong pump field, which are
sent to the interaction cell as overlapping counter-propagating
beams. This allows to form Doppler-free velocity-selective
optical pumping (VSOP) resonances located at the line center.
When multiple hyperfine transitions are Doppler-overlapped,
additional crossover (CO) resonances appear in the spectrum,
with the amplitudes, which can exceed the VSOP amplitudes
because of strongly nonlinear interaction regime. This may
cause distortions affecting "real" atomic resonances.
Comparison of SD and SA spectra recorded for 2→ 2′,3′,4′
transitions of 85Rb D2 line is presented in Fig.3. Only three
resolved atomic resonances are observed in the SD spectrum
(Fig.3a), while for the FR formed using SA technique (Fig.3b)
there are three VSOP and three CO resonances. The following
advantages of the SD method as a FR tool can be mentioned:
i) simplicity of the realization geometry (single-beam trans-
mission as opposed to counter-propagating beams require-
ment for SA geometry); ii) low value of the required laser
power (3 orders less than for the SA method); iii) absence of
crossover resonances; iv) correspondence of the amplitudes of
atomic resonances to their transition probabilities: in particu-
lar, the measured ratio of 2→ 2′ and 2→ 1′ SD amplitudes is
1.05, close to the ratio of their probabilities (1.053), while this
ratio for the SA method is around 5.
FIG. 3. Experimentally recorded frequency reference spectra
formed for 2→ 2′,3′,4′ transitions of 85Rb D2 line using absorption
SD spectrum in a NC (a) and SA in an ordinary cell (b). Frequency
positions of hyperfine transitions are marked with vertical gray lines;
CO labels indicate positions of crossover resonances in SA spectrum.
Right panel: energy levels diagram, showing the transitions, their fre-
quency separations and relative probabilities.
Another application where SD method can be employed
is the study atom–surface van der Waals (vdW) interaction,
which can be revealed from atomic spectra for L < 100
nm12,13, where the use of nanocells is advantageous. Ab-
sorption spectra for 4→ 3′,4′,5′ transitions of 133Cs D2 line,
recorded for two values of the NC thickness, L ≈ λ/2 ≈ 426
nm and L = 75 nm, are presented in Fig.4, together with the
corresponding SD spectra. For L = 426 nm, due to the rela-
tively large cell thickness (i.e. large mean distance of atoms
from the sapphire windows of NC), the atomic transitions do
not undergo frequency shift, thus serving as FR markers13.
The red shift of frequency is observable for L = 75 nm, but
the strong broadening and overlapping of individual lines in
the absorption spectrum (Fig.4a) make quantitative measure-
ments of the frequency shift impossible. Application of SD
3processing results in complete frequency resolution of hyper-
fine transitions, revealing ≈ 70 MHz vdW red shift for all the
three hyperfine transition components due to the interaction.
The latter allows to estimate the value of C3 vdW interaction
coefficient using expression ∆νvdW =−16C3/L3 presented in
Ref.13, which yields C3 = 1.8±0.3 kHz× µm3, which is in a
good agreement with the value reported in Ref.12. The inaccu-
racy arises from the inaccuracy in determining the NC thick-
ness (± 5 nm). We should note that similar measurements can
be done for other transitions of Cs, and equally for other alkali
metals.
FIG. 4. Experimental absorption (a) and SD (b) spectra for 4 →
3′,4′,5′ transitions of 133Cs D2 line, recorded for two values of the
NC thickness marked by ovals on the Cs photograph in Fig.1: L =
426 nm (red lines) and L = 75 nm (blue lines). PL = 10 µW. A red
shift of ≈ 70 MHz caused by the vdW interaction is seen for all the
frequency-resolved transition components in SD spectra (see text).
Right panel: energy levels diagram, showing the transitions, their
frequency separations and relative probabilities.
Furthermore, the SD method can be used for determination
of isotopic abundance. To verify this possibility experimen-
tally, we have chosen a NC filled with potassium as an alkali
metal with strongly different percentages in natural isotopic
mixture, with predominant abundance of 39K (93.25 %), and
minor abundance of 41K (6.7%). Experiment was done for D1
line of K, using a NC with L ≈ λ/2 ≈ 385 nm and reservoir
temperature 150 ◦C corresponding to NK ≈ 1.3×1013 cm−3.
The measured absorption and processed SD spectra are shown
in Fig.5. Thanks to the small linewidth obtained in SD spec-
trum (≈ 15 MHz, 60 times narrower than the Doppler width),
all the hyperfine transitions of 39K are completely resolved.
Besides, the SD spectrum reveals also the hyperfine transi-
tions 2 → 1′,2′ of 41K D1 line with the frequency separation
of 31 MHz (dash-circled in Fig.5b). In the weak and linear
absorption limit, the amplitude of absorption peak A is pro-
portional to the absorption cross-section σ , the atomic vapor
density N, and the atomic vapor thickness L: A ∼ σNL, see
Ref.4. Therefore, the ratio of the amplitudes A39K/A41K ≈ 14
for the corresponding hyperfine transitions of 39K and 41K iso-
topes measured from Fig.5b must be proportional to the ratio
of their partial densities N39K/N41K ≈ 13.9 expected from the
isotopic abundance. A good agreement between the ampli-
tude values obtained for experimental and modelled spectra
(see Fig.5b) confirms the validity of the above suppositions
concerning the employed absorption regime.
FIG. 5. Absorption (a) and SD (b) spectra for D1 line of K, recorded
in a NC with L ≈ λ/2 ≈ 385 nm, and PL = 10 µW. Red lines: ex-
periment; black line: theory. SD peaks corresponding to 2 → 1′,2′
transitions of 41K separated by 31 MHz are clearly seen (marked by
a dotted oval). Right panel: energy levels diagram of 39K, showing
the transitions, their frequency separations and relative probabilities.
We should mention that the absorption SD technique can be
extended for determination of isotopic composition of other,
non-alkali vapor. In Ref.14, SA method was employed to mea-
sure the isotopic abundance of mercury (a mixture of five Hg
isotopes with the minimum frequency spacing of 100 MHz)
in an atomic vapor cell. Implementation of the SD method
for such measurements could be more straightforward. For
this purpose it is expedient to use recently developed glass
nanocells15, which are simpler in fabrication, but, unlike
sapphire NCs10, do not safeguard immunity against highly-
aggressive hot alkali vapors.
Correct mapping of resonance frequency and transition
probability provided by the SD method makes it attractive
when studying processes linked with splitting of atomic tran-
sitions and modification of their probabilities in an exter-
nal magnetic field. The quantity B0 = Ah f s/µB is intro-
duced for quantitative characterization of the atom – B-field
interaction16, where Ah f s is the magnetic dipole constant of
the atom’s hyperfine structure, and µB is the Bohr magne-
ton. In strong magnetic fields (B B0), the total electron mo-
mentum J and nucleus momentum I become decoupled, man-
ifesting establishment of a hyperfine Paschen–Back (HPB)
regime16,17, where atomic system is described by momentum
projections mJ and mI .
Absorption and SD spectra exhibiting splitting of D1 line
atomic transitions of 39K in the magnetic field are presented
in Fig.6. The spectra are recorded with circularly (σ+) po-
larized laser radiation, for two values of the magnetic field, B
= 440 and 1460 G exceeding B0 = 165 G for 39K atom. As
is seen from the right panel of Fig.6, in the HPB regime four
atomic transitions remain in the spectrum of 39K D1 line17,
governed by selection rules ∆mJ = +1; ∆mI = 0. As the
resonance linewidth in SD spectra is about 50 MHz, twice
less than the spacing between transition components, they are
4FIG. 6. Absorption (a) and SD (b) spectra for D1 line of 39K,
recorded using σ+-polarized excitation in a NC with L ≈ 385 nm
for two values of a longitudinal magnetic field: B = 440 and 1460
G. Red lines: experiment, black lines: theory. Right panel shows
the transitions diagram; the four components remaining in the HPB
regime are labeled in circles. The lower left graph (blue line) is the
reference spectrum recorded at B= 0.
completely spectrally resolved. The case of B = 440 G cor-
responds to the onset of the HPB regime, and one can see
that the frequency separation between the transitions labeled
3 and 4 is larger than for 1 and 2. For B = 1460 G, the HPB
regime is fully established, and all the components spacing
becomes equidistant17. We should note that the transition la-
beled 4 is a “guiding” transition, which is characterized by the
highest (and invariable) value of probability in the group, and
the probabilities of other transitions tend to this value when
B B017. In the case of σ− excitation, also four atomic tran-
sitions are observable, located far on the low-frequency range
of the spectrum (not shown).
FIG. 7. Absorption (a) and SD (b) spectra for D2 line of 39K,
recorded using σ+-polarized excitation in a NC with L ≈ 385 nm
exposed to B = 500 G longitudinal magnetic field. Red lines: experi-
ment, black line: theory. Right panel shows the transitions diagram;
the eight components remaining in the HPB regime are labeled in
circles.
Fig.7 presents absorption and SD spectra for D2 line of
39K, recorded with σ+- polarized radiation in the HPB regime
(B= 500 G). As is seen from the right panel of the figure, eight
transitions remain in the spectrum for this case (two transi-
tion groups, each containing four components). The probabil-
ities of transitions within each group are equal, and frequency
spacing of the lines is nearly the same, which is a manifesta-
tion of the HPB regime. Evidently, all the transitions are fully
resolved in SD spectrum (Fig.7b), unlike the raw absorption
spectrum, where they are strongly overlapped. Transition la-
beled 8 is a “guiding” transition18. In the case of σ−-polarized
excitation, the eight atomic transitions appear far on the low-
frequency range of the spectrum (not shown).
Summarizing, we have implemented the proposed SD
method for quantitative atomic spectroscopy in five particu-
lar physical problems, and have shown its effectiveness. The
technique is technically simpler in realization as compared
with other known methods, including saturated absorption,
selective reflection using a NC13. Moreover, the method pre-
serves linear response of the media, it does not require high
laser power, and does not generate extra resonances as for SA.
We should mention that the SD technique can be especially
advantageous for the spectroscopy of Na, where narrow reso-
nances can be formed despite an extra-large Doppler broaden-
ing (∼ 1.5 GHz). It can be also successfully implemented for
studies of magnetically-induced atomic transitions and their
applications demonstrated recently19.
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